This study was undertaken to determine what changes occur in the intestinal microvasculature during the rapid growth associated with juvenile maturation. A technique was developed that permitted the comparison of the same microvessels in exactly the same intestinal region at two time periods of an animal's life. A region of the terminal ileum of 5-week-old rats was exposed and marked, and photographs and video recordings were made of the microvessels. Four weeks later, the marked intestinal region was located, and photography and videography of the microvessels were repeated. Comparison of indexes for body, intestinal, and microvascular growth for the treated rats and ageand colony-matched controls revealed no significant differences. The number and branching pattern of arterioles observed in the marked region remained remarkably constant during the 4 weeks between observation periods, even though body and bowel mass of the treated animals increased approximately 2.5 times. The lengths of the arterioles were increased (18%) by almost the same proportion as the axis of bowel (22%) in which they were oriented. The average distance between capillaries in the radial intestinal muscle layer was also increased by about the same percentage (24%) as that of tissue elongation (22%). The overall data are consistent with the hypothesis that during the growth spurt of juvenile life, the arterioles present at the weanling stage are elongated and new branches do not develop. The net effect of tissue growth with a minimal change in numbers of arterioles is a decreased ratio of number of arterioles to tissue mass as a normal consequence of maturation. (Circulation Research 1987;61:616-624) 
T he enlargement of tissue during neonatal and juvenile life may require the combined processes of angiogenesis and the remodeling and elongation of existing microvessels. The primary concern of the present study was to determine if new arterioles are formed or if existing small arterioles develop into large arteriolar arcade systems during the rapid growth phase of juvenile life just after weaning in rats. Although the number of capillaries per cardiac or skeletal muscle cell increases after birth, 1 -2 the exact change in the number of arterioles that support the capillaries is unclear. For example, the number of arterioles per unit of tissue surface area seems to decrease in both the cerebral cortex and skeletal muscle during juvenile life. 34 However, whether this decrease is caused by enlargement of the tissue at a time when the total number of arterioles is increasing, decreasing, or essentially static remains to be resolved.
To understand how the microvasculature grows with the tissue during juvenile maturation, it is absolutely essential to observe exactly the same region of tissue before and after a period of growth. A major portion of the current study was devoted to the development of techniques and measurement procedures to satisfy this requirement and to permit quantitation and comparison of vessel and tissue growth. However, the major purpose of the study was to determine what changes occurred in various microvessels during the rapid growth phase of the rat's juvenile life. The intestinal microvasculature was used because this preparation required no surgery on the tissue, and in vivo observations of the identical region of intestine could be made at various time points in an animal's life with minimal handling of the tissue.
Materials and Methods

Chemicals
Sodium pentobarbital, isoproterenol HC1, adenosine, and FITC-albumin (bovine) were obtained from the Sigma Chemical Company, St. Louis, Mo. Sodium thiopental and Normasol-R, a physiologic Ringer's solution, were produced by Abbott Laboratories, North Chicago, 111. The source of the atropine sulfate was Elkins-Sinn, Inc., Cherry Hill, N.J. The tetracycline HC1 was from American Cyanamid Co., Wayne, N.J.
Vessel Classification
The vascular branching scheme used in this study has been previously presented in detail. 5 In brief, the large arterioles (numbered in Figure 1 ) are first-order arterioles (1A), which begin as branches of the small intestinal arteries at the mesenteric border and traverse the radial axis of the bowel through the submucosa. The intermediate-sized arterioles that can be seen interconnecting adjacent 1A in Figure 1 are second-order arterioles (2A). The 2A perfuse the smaller third-order arterioles, which cannot be seen in Figure 1 . The third-order arterioles (3A) branch from the 2A and give rise to the arterioles of the muscle and mucosal layers.
Preparation
Male Wistar-Kyoto (WKY) rats were obtained from Taconic Farms, Germantown, N.Y., at 4 weeks of age. Each shipment of 10-12 rats was divided into a treatment group and 2 control groups. The intestinal microvasculature of the treated rats was observed at 2 time periods: immediately after marking a segment of the intestine at approximately 5 weeks of age (Tl) and again 4 weeks later at about age 9 weeks (T2). Age-matched control rats were observed at the same time periods and are referred to as Cl (5 weeks) and C2 (9 weeks). Measurements obtained from the control rats were used to determine if the experimental protocol for the treated rats altered body, intestinal, or microvascular growth.
Prior to surgery, the rats were fasted for 24 hours to allow for clearing of the intestine. The absence of chyme in the bowel lumen reduced the amount of intestinal motility, improved clarity for observing and photographing the bowel, and reduced the radial curvature of the intestinal wall so that more of the intestinal wall was in the plane of focus during photography. After Tl rats were anesthetized with sodium pentobarbital (40 mg/kg, 10 mg/ml i.p.) and atropine sulfate (0.40 mg/kg, 0.40 mg/ml i.m.) was administered to decrease respiratory secretions, the animals were allowed to recover. All control rats and the treated rats at the second time of study were anesthetized with sodium thiopental (100 mg/kg, 100 mg/ml i.p.) and tracheostomized. All rats were placed on a heating pad to maintain body temperature at 37°C as soon as locomotive function was lost. The abdomen was shorn, shaved, and cleaned with isopropanol in preparation for the attachment of the chamber used for viewing the exposed intestinal loop. The semicircular viewing chamber was made from half of a 15x100 mm disposable petri dish. Surgical adhesive drape (Steri-Drape, Surgical Products Division/3M Co., St. Paul, Minn.) was utilized to attach the chamber to the right side of the animal's abdomen and form a water-tight seal. Laparotomy was performed and the ileocecal junction located. A loop of the terminal ileum was exteriorized through the midline incision. The region of the exteriorized loop to be examined was 3-6 mesenteric arterial arcades from the ileocecal junction. Extreme care was taken to minimize the amount of stretch and mechanical trauma on the mesentery and bowel wall. The exteriorized ileal loop was kept covered at all times by Normasol-R and either a glass slide or Saran wrap. If the intestine of the Tl rats was not kept wet at all times, tissue adhesions formed during the 4 weeks before the second observation.
To prepare the ileal loops for intravital microscopy, the suffusion solution was replaced with Normasol-R that contained 5 x 10~7 M isoproterenol HC1 to suppress intestinal motility and 10~4 M adenosine to produce maximal dilation of the microvasculature. The exteriorized loop was then covered with a standard 1 x 3 inch microscope slide cut to a length of approximately 50 mm. A stainless steel weight (15 g) was placed on each end of the slide to reduce the movement of the intestine and improve photographic and videographic recordings.
Experimental Protocol
Ti RATS. A segment of the exposed ileal loop that had an easily identifiable branching pattern of the large arterioles in the bowel wall or arteries in the mesentery was selected for observation. The selected portion of the exteriorized loop contained 5-7 pairs of first-order arterioles and venules. Each end of the selected region of intestine was marked so that the location of the same section of ileum could be verified at the time of the second observation. A variety of methods for marking the intestine were evaluated. As will be presented in the "Results," the most successful marking technique was the dotting of the intestinal wall with India ink. The tip of a micropipette was broken to a diameter of approximately 10-20 /xm. The pipette was then back-filled with India ink. While the intestine was observed with a dissecting microscope, the pipette was inserted by hand into the intestinal wall, and a small dot of ink was released. Care was taken to avoid trauma to the major arterioles. Six to nine dots were made between 3-4 pairs of first-order vessels at each end of the intestinal region selected for observation.
A Wild M-20 compound microscope with epiillumination at an oblique angle was used to observe the tissue and make low magnification photographs of the vasculature. Infrared energy produced by the 100 watt quartz-halogen light source was removed by a filter positioned in the light path. A Polaroid print (Polaroid SX-70 camera and microscope adapter) was made at a magnification of about 8 x to provide an overview of the vessel branching pattern. A second print made at a magnification of 24 X identified a smaller area of the marked tissue segment within which the number and location of individual 3A were later recorded. Sequential photomicrographs of the marked bowel segment were then made with a 35-mm camera and Kodak VR400 color print film. A photomontage of the tissue was constructed from these micrographs. The total magnification of the micrographs was approximately 15 x as determined from photographs of a stage micrometer.
Following the photography, the preparation was moved to an Olympus BHMJ microscope that had an Olympus fluorescent attachment with a 100-watt mer-cury lamp for epi-illumination and a closed circuit video system that consisted of a SIT Model 66 video camera (Dage-MTI, Inc., Michigan City, Ind.), Model PM171T FTC Ikegami monochrome monitor (Dcegami Tsushinki Co., Ltd., Japan), and a Mitsubishi HS-329UR four-head VHS videocassette recorder. The entire lengths of the 1A and 2A within the tissue area selected for observation of 3A were scanned and recorded. The scan was made both before and after the injection of 5% FTTC albumin into the tail vein (2 ml/kg). Subsequent to the scanning of the 1A and 2A, capillary fields in 10-12 areas selected at random within the marked intestinal region were recorded for later measurement of intercapillary distances. At the conclusion of intravital microscopy, the divisions on a micrometer scale placed on the tissue were recorded for magnification cal ibration .All photography and videography of the arterioles and capillaries were done with the intestinal vasculature maximally dilated by topical 10"* M adenosine.
The intestinal loop was returned to the abdominal cavity, and the abdominal wound was closed with 3-0 silk sutures. Until the animals recovered from anesthesia, they were kept under a heat lamp to maintain body temperature. For 1 day presurgery and 3 days postsurgery, the animals were given antibiotic (1.1% tetracycline with 1.1% dextrose) in their drinking water.
T2 RATS. Four weeks later, the same section of the terminal ileum was observed again. Positive identification of the same tissue section was made by the India ink dots and the arteriolar branching pattern. Both investigators verified the identification of the previously marked tissue region. Photography and videography were repeated while the vessels were maximally dilated with topical adenosine (10~4 M). At the end of the second observation period, both ends of the exteriorized loop of the ileum were ligated. The ligated loop was fixed by replacing the bathing solution with fixative (2.5% glutaraldehyde in 0.1 M cacodylate/ HC1 buffer, pH 7.4) and injecting a small amount of fixative into the intestinal lumen to fill slightly but not distend the intestinal loop. Approximately 30 minutes later, the intestinal vessels to the ileal loop were ligated, and the loop was excised with its intestinal vessels and mesentery. This method of fixation is a modification of that described by Thorball 6 and resulted in better vascular filling than was obtained with perfusion fixation and the reperfusion with whole blood. The harvested tissue had a lifelike appearance and was used to obtain the indexes of intestinal and microvascular growth as described below.
Ci AND C2 RATS. After preparation of the intestine for intravital microscopy, a video recording was made only for intercapillary distances, as described in "Measurements." Subsequently, the exteriorized loop was fixed and excised as described for the T2 rats. Cl rats were killed to estimate the increase in intestinal mass, as explained in "Measurements." C2 and T2 rats were killed at about age 9 weeks so that indexes of microvascular and intestinal growth in the control and treated rats could be compared.
Measurements
INTESTINAL GROWTH. The ratio of the mass of intestinal tissue per unit of longitudinal length of the intestine (mg/mm) was calculated for C l , C2, and T2 rats by dividing the weight of the fixed, excised loop by its length. These data were not available from Tl animals because they were allowed to recover. The length of the loop was determined from a photomicrograph of the excised loop and metric scale with a digitizing tablet (Jandel Scientific, Sausalito, Calif.) connected to an IBM PC computer. The wet weight of the intestine was measured to the nearest milligram after the mesentery, adipose tissue, and intestinal vessels were dissected away and the intestine was blotted to remove excess fluid. Differences in the ratio of the mass of intestine per unit length between C1 and C2 rats were presumed to result from radial growth and thickening of the intestinal wall.
Longitudinal intestinal growth during the 4-week period between observations of the treated rats was estimated from the photomontages. Longitudinal lengths were measured by placing the photomontages on a computerized digitizing tablet and tracing along the mesenteric border of the intestine from the first to last 1A of the marked segment.
An index of the amount of total intestinal growth from Tl to T2 was estimated from the following equation:
Intestinal growth index = X (L2/Ll)]/(mg/mm) cl where the intestinal mass-to-length ratio for T2 rats is represented by (mg/mm) n , LI and L2 are longitudinal intestinal lengths of the intestinal segment marked with India ink in treated rats at times Tl and T2, and (mg/mm) c , is the average intestinal mass-to-length ratio for Cl rats. The average intestinal mass-to-length ratio for Cl rats was used as a substitute for the individual Tl values, which were not available because the Tl rats were allowed to recover. INTESTINAL MASS PER ARTERIOLE. The average mass of intestine perfused by a single 1A, 2A, and 3A was calculated for C2 and T2 rats to determine if the surgery and manipulation of the intestines of the treated rats had altered the vascularity of the marked segment. The mass of tissue per 1A was determined from the number of 1A in the excised segment and the mass of that segment. For the determination of the mass of tissue per 2A and 3A, a bowel section from the mesenteric to antimesenteric border approximately 10 mm in length was dissected from the original segment of tissue. The dissected section was blotted to remove excess fluid and then weighed and photographed. The mass of the tissue areas in which 2A and 3A were counted was estimated, and the mass of tissue per 2A and 3A was calculated.
Due to the complex branching patterns of 1A and 2A, Video recordings of the capillaries of the radial muscle layer in the living tissue were made at random when all vascular tone was abolished with both adenosine (10~4 M) and isoproterenol (5 x 10~7 M) in the tissue bath. In all animals, 10-12 capillary fields containing approximately 8-10 capillaries each were recorded. The fluorescing FTTClabelled albumin in the blood plasma within the capillaries helped to identify all capillaries. For each capillary field, a strip of paper 1 x 8 . 5 inches was positioned across the monitor screen in a direction perpendicular to the long axis of the capillaries and approximately at the midpoint of the capillary length. The video recording was advanced a frame at a time for each capillary field until a frame was found with all the radially directed capillaries in focus. The location of each capillary was then marked on the strip of paper. The divisions of the micrometer scale used for calibration were also marked on a paper strip. The intercapillary distances were then measured from the paper strips with the computerized digitizing tablet. As each intercapillary distance was measured, it was entered into a file in the computer's memory and later transferred to a floppy disk for a permanent record. ARTERIOLAR GROWTH DURING MATURATION. Changes in the numbers and lengths of 1A and 2A during the 4-week interval between the observation periods in the treated rats were determined from the photomontages. Lengths of entire arterioles were measured by tracing over segments of the vessels on the computerized digitizing tablet. Specific segments of individual arterioles were defined by branching points along 1A or 2A such that the same arteriolar segments could be readily identified on both the Tl and T2 photomontages. The number of 3A and their location on specific 2A were determined from the video recordings of all the vessels of the same tissue region during both observation periods (Tl and T2).
Analysis
Statistical significance was evaluated by analysis of variance for comparisons between treated and control groups and a paired t test for comparisons of the lengths and number of arterioles between the two times of observation in the treated rats. Average values for intercapillary distances in Figure 2 are reported as mean±SD. All other averages reported are given as mean±SEM.
Results
Preliminary Observations and Problems
For this method to work, it was essential that the exact same region of the intestine be observed multiple times. Dots of India ink were used to mark the boundary of the intestinal region that was observed at Tl so that the identification of the proper region of intestine could be verified at T2. As can be seen in Figure 1 , there was a considerable decrease in the density of the India ink dots during the 4-week interval between observation periods. Consequently, the ink dots were a useful but not totally reliable means for repeated identification of the same section of bowel. Even when dots were not apparent macroscopically, remnants of the dots could usually be found at magnifications greater than 40 x . In addition, the previously marked segment could be located because the vascular branching pattern was usually easy to recognize. As illustrated in Figure 1 , not only was there amazing constancy in the branching pattern of the larger arterioles over time, but also the branching pattern of each 1A was unique. Such similarity over time and uniqueness of patterns made possible the identification of the same tissue segment even when the intestinal marking appeared completely unsuccessful. Since searching the entire length of the bowel for branching patterns of 1A or remnants of dots of India ink was both inconvenient and time consuming, alternative methods for marking the intestine were pursued. Berkowitz blue, the dye used to mark facial planes in reconstructive surgery, was applied to the surface of the intestine and injected into the intestinal wall via micropipettes, as was done with India ink. At the end of 4 weeks, however, no trace of the Berkowitz blue could be detected. Low melting point (39-41° C) paraffin wax, which is used for chronic obstruction of renal tubules, was injected from micropipettes by high pressure into the intestinal wall. Even though the wax was stained deep red or black with Sudan dyes and spheres of wax as large as 200 jtim were formed in the intestinal wall by the injection, these wax particles were seldom found after 4 weeks. Loops of various "nonirritating" suture materials placed loosely around the intestine or intestinal arteries in the mesentery produced adhesions and could not be used.
Because of the difficulties associated with marking the intestine, we decided to limit the study to a readily definable portion of the intestine, such as a known number of mesenteric arterial arcades from the ileocecal junction. The intestine was marked with a series of India ink dots at each end of the tissue segment to be examined. Placing multiple ink dots at each end of the tissue segment increased the probability that some of the dots would still be evident at the end of 4 weeks.
In the initial experiments, the exteriorized intestinal loop was transilluminated. However, better results were obtained with epi-illumination. The placement of the intestine in the observation chamber was not critical with epi-illumination so the bowel loop did not have to be extended over a given optical path. Also, chyme that remained in the intestine was less of a problem with epi-illumination than transillumination.
For our purposes, color print film was found to be more desirable than black-and-white film or color slides. It was easier to distinguish arterioles from venules with color prints than with black-and-white prints. Although it was possible to work from color slides, comparison of the numbers and lengths of arterioles at the two time periods was much easier with photomontages made from color prints laid side by side than from vessel tracings of projected slide images.
Although 1A and 2A could be identified readily on photographs, the majority of the 3A were not discernible in the micrographs probably more because of the limited depth of field of the compound microscope than the resolution of the film. This problem was solved with the addition of fluorescent microscopy and video recording of individual 2A and their 3A branches. Fluorescent microscopy (FTTC-albumin) made all vessels very easy to locate and record with the video system. It was much easier to distinguish between a 3A and a venule that dissected the path of a 2A with fluorescent microscopy than with conventional epiillumination or transillumination. In addition, the video recordings at both Tl and T2 made it possible to confirm the gain or loss of a specific 3A between the two periods of observations. Several factors act in concert to limit the amount of time available for observation of the exteriorized loop to approximately 45-60 minutes. Even with the administration of atropine, many of the animals developed some degree of respiratory distress about 60 minutes after anesthesia was induced. When the intestinal vasculature was maximally dilated for a period of time in excess of 30-45 minutes, it frequently became edematous, and clarity was diminished. Although the intravascular injection of FTTC-albumin greatly increased the ability to trace the vascular tree, the clarity of the intestine was progressively diminished, and eventually the smaller vessels in the submucosa were obscured by the slow leakage of FTTC molecules, probably from the leaky mucosal capillaries.
Validation of the Technique
Major concerns about this technique were related to the effects that the surgical procedure, tissue manipulation, and marking of the intestine might have on the normal growth of the animal, the intestine, and the intestinal microvasculature. To address these concerns, various indexes of growth are compared in Table 1 for the treated rats at the time of the second observation (T2) and age-and colony-matched control rats (C2).
The body weight of the C2 rats averaged 12 g or 4.4% more than that of the T2 rats. The average age of the C2 rats was also greater by 3 days or 4.5% than the age of the T2 rats. Thus, the difference in body weight was possibly due to the si ightly older age of the control rats. Nevertheless, any effect of the surgery on the growth of the treated rats seemed minor. Rapid juvenile growth in the treated rats was evidenced by an average increase in body weight from 101 to 273 g during the 4-week interval in the observation periods, and comparable weight differences in Cl and C2 rats were noted. This 2.8 ±0.22 times increase in body mass and the intestinal growth index of 2.4 ±0.34 calculated from the equation indicated that the intestinal mass increased almost proportionately as much as body weight during the 4 weeks between observation periods.
The ratio of intestinal mass to longitudinal length is reported in Table 1 as mg/ram. There is no significant difference between the intestinal mass-to-length ratios of the marked tissue segment of the treated rats and segments of bowel loop taken at the same intestinal location from control rats.
The amount of intestinal tissue perfused by the various orders of arterioles is listed in Table 1 as mg intestine per individual arteriole. There are no significant differences between the control and treated rats for any of the arteriolar orders.
The mean of the average intercapillary distance for individual rats is also reported in Table 1 . There is no significant difference in the mean between.the control and treated groups. Figure 2 is a frequency distribution of the intercapillary distances for the various groups of rats. The mean and median of all the capillary distances are also given in Figure 2 . The frequency distributions, medians, and means are similar for the C2 and T2 rats.
Microvascular Growth During Maturation
The 1A begin from branches of the arteries at the mesenteric border of the intestine. The typical 1A gives off eight or more 2A vessels and generally divides to produce two or more 1A branches as the parent vessel approaches the antimesenteric border of the intestine. Some first-order arterioles are very small where they arise from the intestinal arteries at the mesenteric border. These small 1A end as 2A vessels, which connect with another 1A or 2A as seen with the no. 7 arteriole in Figure 1 . Although these small 1A are observed in the intestines of rats at all ages, the authors thought that perhaps these vessels might be developing 1A that eventually grow to form a fully developed 1A system with new 2A and 3A. As can be seen by comparing the no. 7 arteriole in the two panels of Figure  1 , this growth does not occur. In fact, during the 4 to (9) 12.3±0.96 (7) 0.552 ± 0.0511 (7) 0.102 ± 0.0100 (7) 54+1. 6(12) 5 weeks between observations, these small inflow vessels remained as an underdeveloped form of a 1A in every animal studied.
A very similar situation to that of the underdeveloped 1A also existed for a subpopulation of 2A. These 2A vessels do not interconnect to other arterioles as is typical for the majority of 2A. As with the small 1 A, we thought that the 2A in the subpopulation might be developing vessels. However, over the 4-5-week time span during rapid intestinal growth, these arterioles elongated but did not make new connections with other arterioles.
LENGTHS OF ARTERIOLES. The length ratios of the same 1A and 2A vessel segments at T2 to T1 versus the initial length of the vessel segment at Tl were calculated. The term "segment" refers to portions of the arterioles between successive branch points. The length ratio of 1A segments was 1.27 ± 0.026 and is greater than that of 1.18 ± 0.022 for 2A segments. The greater elongation of 1A than 2A might be related to a greater increase in radial than longitudinal intestinal lengths. The T2-to-Tl ratio of the longitudinal length of the marked intestinal segment averaged 1.22 ±0.078 (n=12). This ratio is similar to the average T2-to-Tl length ratio of 2A segments that, in general, are oriented longitudinally in the bowel wall. It was interesting to note that 2A that terminated as 3A at Tl rather than connecting with a 1A or another 2A increased in length over time but did not grow to join with another arteriole. INTERCAPILLARY DISTANCES. Figure 2 compares the frequency distribution for intercapillary distances in The numbers of arterioles present at the first (#T1) and second (#T2) observations of the marked intestinal regions are reported for first-through third-order arterioles. The number of arterioles observed at T2 but not identified at Tl is listed in the gain column. The loss column indicates the number of arterioles that were observed at Tl but not at T2. The average ratio of the number of arterioles observed at T2 to the number observed at Tl in each animal (#T2:#T1) is also reported. The last column reports the number of animals (N a ) in which the vessel counts were made. The #T2: #T1 is not significantly different from 1.00 for any of the arteriolar orders.
the radial intestinal muscle layer for the various groups of rats used in this study. Data from the Cl and Tl rats, which were obtained at the same time from the same rat colony, were pooled since there was no reason why these animals would be different at the time of the initial surgery. In the time span from age 4-5 weeks (Tl and Cl) to age 8-9 weeks (T2 and C2), the intercapillary distances for both C2 and T2 rats increased. Note that the means and medians of the C2 and T2 frequency distributions are very similar. The mean intercapillary distance for T2 rats is 24% greater than that for the combined Cl and Tl groups and is similar to the 22% increase in longitudinal length of the marked intestinal region. The capillaries of the radial muscle layer are oriented perpendicular to the longitudinal axis of the bowel, and capillary spacing may be influenced by bowel elongation.
NUMBER OF ARTERIOLES. AS indicated in Table 2 , there is essentially no change in the net number of 1A, 2A, or 3A in the same region of the ileum from Tl to T2. During the period of rapid juvenile growth, no new first-order arterioles were observed, and no 1A were lost within the marked intestinal regions. Of 314 2A that were identified within the marked intestinal regions during Tl, only one was not present at T2, and no new second-order arterioles were observed at T2. In the 6 animals in which 3 A were compared at T1 and T2, 89% of the 172 3A present at Tl could be identified at T2. These 3A found at both time points had the same relative position along the 2A, projected from the 2A in the same mesenteric or antimesenteric direction at both time points, and had a relatively constant topographic appearance. Twenty-four of the 177 3A observed at T2 had not been identified at Tl. The gain of 24 and loss of 19 3A resulted in a net gain of 3% from Tl to T2.
Capability for Angiogenesis
Although there was normally little change in the number of arterioles in the marked intestinal region during the 4-5-week period between observations, tissue damage did induce angiogenesis. Figure 3 illustrates the abnormal growth of vessels over the intestine 4 weeks after the initial observation when the light used for epi-illumination was not passed through a supplemental infrared light filter in the Olympus compound microscope. Similar vascular abnormalities developed in all of the 4 animals subjected to this infrared heat treatment. The abnormal vessels observed in the damaged intestinal regions originated from vessels in either or both the mesentery or intestine and were confined to the region of bowel that had been illuminated. Connective tissue growth was also associated with the abnormal vessels.
Discussion
A new technique is presented that permits the observation of the same region of small intestine and its microvasculature at two time periods. The intestine was the organ of choice for this study because no surgery was necessary on the tissue to be observed and the vascular tree could be traced from the small arteries to the capillaries. The surgery on the rat and the mechanical manipulation and marking of the intestine did not appear to interfere with the growth of the microvasculature, intestine, or the animal itself ( Table  1 and Figure 1 ) compared with similar data obtained in age-matched colony mates. Thus, this technique would seem to be a useful model for studies of temporal changes in the intestinal microvasculature because it permits paired comparisons of microvessels in a known section of tissue at two or more time points spaced many weeks apart.
The primary purpose of the study, once the techniques were developed, was to evaluate micro vascular development during the normal process of juvenile tissue growth. The concerns at the onset of the study were how the numbers and lengths of arterial microvessels would be adjusted to suit the needs of an enlarging tissue. Even though the intestinal growth index indicated that the intestinal mass increased about 2.4 times, the number of arterioles within the defined tissue areas either did not change or showed only minor changes. There seems to be no turnover of large (1 A) or intermediate (2A) diameter arterioles, and any net turnover of small arterioles (3A) is minimal ( Table 2 ). It is probable that some of the gains and losses of 3A were artifacts because a few areas in the regions selected for 3A counts in virtually every animal were not as clear as the remainder of the intestinal region. Therefore, a venule or a fifth-order arteriole crossing a 2A could have been mistakenly identified as a 3A at either Tl or T2. It is also likely that a small percentage (<5%) of the 3A descended beneath the 2A and were obscured at either time Tl or T2. Despite these minor technical problems, there was about a 90% probability that the same 3A could be found over a time span of 4 to 5 weeks and virtually a 100% probability of finding a specific 1A or 2A. The average distance (24%) between capillaries oriented perpendicular to the long axis of the bowel increased by almost the same percentage as the longitudinal intestinal length (22%). This may indicate that the number of capillaries within the defined tissue areas is relatively constant and that the capillaries are spread apart from each other as the tissue enlarges. As reviewed by Zak,' the number of capillaries per cardiac muscle cell is substantially increased during neonatal life and relatively constant thereafter. A somewhat similar situation could also occur in the rat intestinal vasculature prior to age 4-5 weeks, and the increase in intercapillary distances by age 8-9 weeks could be due to tissue hypertrophy. This proposal is based on prior observations that the decreased capillary density observed in skeletal muscle 2 8 during juvenile maturation is due in part to cellular hypertrophy.
The observations made in this study have a number of implications for how changes in arteriolar density during growth should be evaluated and interpreted. Had we compared arteriolar density on the basis of number of arterioles per square area of tissue surface in very young and juvenile rats, the results would have indicated about a 40-50% decrease in arteriolar vascularity, even though no net change in the numbers of arterioles occurred. Had we based our observations on the number of arterioles in a milligram of tissue, the arteriolar density would have seemed to decrease about 60% for all orders of arterioles, when, in fact, no appreciable gain or loss of individual arterioles occurred. Comparison of arteriolar density per mass or surface area of tissue is useful for animals with comparable ages or body mass. However, differences in these arteriolar density variables could be difficult to interpret if tissue growth in the various animal populations is not uniform or if animals of varying ages are compared. In part, problems of interpretation such as these were the impetus for the current study. For example, vascular pathologies such as hypertension and diabetes mellitus influence arteriolar density, but these diseases are usually studied in growing animals or animals whose tissue mass is influenced by the disease. 5 ' 10 Although the microvascular branching pattern is often compared to a treelike pattern, there appear to be many differences between the growth pattern of the vascular tree during maturation and the development of a sapling. New growth in a tree occurs as branches grow from buds along and at the end of existing branches. Internodal distances in a sapling remain almost constant as minimal elongation occurs between branch points. During intestinal vascular growth, the number of arterioles or branches of arterioles remains essentially constant ( Table 2) , while the segmental distances between branch points increase as the existing arterioles elongate. It appears, therefore, that the arteriolar perfusion of growing intestine is met primarily by the enlargement of existing arterioles rather than the addition of new arterioles. As a consequence, those arterioles that are present at the weanling stage of life are the same arterioles that support the hypertrophied tissues after the juvenile growth spurt at the early stage of adult life. Bar 3 has shown that the arteriolar branching pattern of the cerebral cortex of rats is essentially completed prior to the weanling age, and our results indicate a similar situation may exist in the small intestine. One aspect of vascular growth that was of particular interest was the development of sproutlike arterioles of the 1A and 2A type that did not form the large distribution pattern typical of these arterioles as shown in Figure 1 for arteriole no. 7, a sproutlike 1A. Although this arteriole obviously enlarged from age 33 to 69 days, it did not show any indication of maturation into the large distribution system typical of 1A. In virtually every animal studied, we included at least one of these sproutlike arterioles in the region of intestine defined by ink dots. In no case did any of these arterioles mature into a fully developed arcade system. From our experience with skeletal muscle, cerebral cortical, intestinal, and skin (bat's wing) vasculatures, underdeveloped arteriolar branches are not at all uncommon. However, until now, we assumed these were immature arteriolar systems in the process of growth to become fully developed large arcade systems. Now, at least for intestine, we realize that these underdeveloped systems are simply miniatures of the larger arcade arterioles and they undergo normal elongation but do not become major microvascular systems during the period of rapid juvenile growth.
In conclusion, techniques have been developed to make repeated observations of a specific region of the small intestine in the same animal and document alterations in the microvasculature. The techniques were used to quantitate microvascular maturation during a rapid phase of both intestinal and body growth in juvenile rats. The results show that despite about a 2.4 times increase in intestinal mass, there was very little indication of the formation of new arterioles that perfuse all layers of the bowel wall. The overall vascular branching pattern simply expanded in length to suit the increased dimensions of the bowel wall during growth.
